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Abstract 
Accident analyses performed by the Audi Accident Research Unit reveal that in situations in which the right of way is taken from 
the right side, drivers tend to react by swerving to the left. For a systematic assessment of how drivers generally react in such 
critical situations, a study using the Vehicle in the Loop (a combination of a driving simulator with a real vehicle) was carried 
out. A total of 40 participants passed in a 2x2x2 within-subjects design various situations in which their right of way was taken 
from the right side. The eight critical situations differed in the combination of acceleration, direction of movement and initial 
position of the crossing vehicle. The virtual environment was a rural road where in total 20 intersections had to be passed. 
Descriptive and interferential analyses of the data showed a high rate of collisions for situations in which the critical vehicle 
accelerated sharply. No significant differences were found regarding direction of movement and initial position. Regarding the 
steering, the data indicated an increasing tendency of swerving to the left with shorter Time-To-Arrival of the critical vehicle. 
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1. Introduction 
There are several ways to enhance traffic safety. Traffic accident research is one of those whose objective it is to 
understand and learn from traffic accidents. General statistical data pertaining to accident data provide an indication 
of number and kind of accidents. The documented official accident causes allow a first estimation of why the 
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accident occurred; a detailed accident reconstruction, however, is not possible on this basis [1]. The question of 
whether an accident was preventable may be approached from a number of points. The first option involves 
supporting the person responsible for the accident in order to prevent the error causing the accident. A further option 
is to support persons involved in an accident to react in the best possible way in critical situations caused by the 
person responsible for the accident. In order to provide the party involved in an accident with the best possible 
support, it is initially necessary to understand how persons behave in critical situations. Therefore, this approach is 
the focus of this paper.  
Pursuant to statements of the Federal Statistical Office, turning/crossing accidents are the second most prevalent 
accident type in Germany [2]. A lot of accidents happen, because a party which is required to wait ignores the right 
of way of a vehicle approaching from the left side. Also, in the database of the Audi Accident Research Unit 
(AARU), turning/crossing accidents constitute a large proportion of all accidents collected. In the accident analyses 
of AARU, it became evident that persons involved in accidents in which their right of way was taken from the right 
side reacted in almost 50 % of the situations by swerving to the left side, mainly in combination with braking [3]. 
Other accident analyses showed the same result [4]. Kramer and Israel came to a similar result when analyzing 
accident appraisals [5,6]. Kastner also reported on this phenomenon and assumed that this reaction is inherent [7]. 
This has given rise to the hypothesis that persons in crossing situations react with so-called standard reactions, i. e. 
intuitively, without consciously making a choice. Since the analyses of AARU only refer to critical situations which 
result in a collision, no statement can be made how persons react in general when faced with such a critical situation. 
Therefore, it was the objective of this study to confront drivers with critical crossing situations and test their reaction 
behavior. The intent is to discover influencing factors leading to swerving into danger, i. e. evading in the direction 
of movement of the crossing vehicle. In contrast to simulator studies in which the crossing vehicle came to a 
standstill [8,9,10,11], participants should experience the situations as realistically as possible. For this purpose, 
participants were confronted with critical crossing situations without vehicle standstill in the Vehicle in the Loop 
(VIL). 
2. Method 
2.1. Vehicle in the Loop 
The VIL is a driving simulator operated in a real vehicle with the simulation software Virtual Test Drive (VTD). 
The installation of the simulator in a real vehicle has the advantage of direct vehicle dynamic experience of the 
situation. Thus, the reaction behavior is more realistic than in a regular dynamic simulator and is comparable to 
behavior in real traffic [12]. When using the VIL, the virtual world needs to be adapted to the conditions of the 
existing driving route. The present study was based on a 1.4 km straight route for creation of the virtual world. By 
means of an inertial measurement unit, the position of the vehicle is determined via dGPS, allowing an accurate 
position of the virtual world. A head tracker determines the exact position of the driver’s head, allowing the driver to 
view the virtual world via a head mounted display (HMD) in a correct perspective at all times. Since the driver has 
no view of the real environment while operating the VIL, the VIL is used on a closed off test ground. 
2.2. Driving Scenarios 
A rural road setting was chosen as a test scenario for the critical situations, since the AARU analysis revealed 
that more accidents occurred in out-of-town areas. In order to restrict the test person’s speed with the VIL, a speed 
limit of 70 km/h was determined which is often found in Germany in the areas of junctions and crossroads. The 
participants drove at 70 km/h on a priority country road which ended for the driver at a stop sign and passed two 
crossing situations. Overall, participants experienced 20 crossing situations, including eight critical situations in 
which their right of way was taken from the right side. The non-critical situations were included for distraction and 
consisted of crossing situations in which vehicles had to give way and did so accordingly. 
The eight critical situations had been defined consisting of a combination of three factors, each with two possible 
values. These factors were direction of movement (straight / turning left), initial position (standstill / rolling) and 
acceleration (low / high). At the beginning of each critical situation, a vehicle approached the crossing from the 
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right side. When approaching the intersection, the vehicle decelerated and came to a standstill for 2 s at the stop line 
(initial position standstill) or approached the intersection for 2 s at 10 km/h (initial position moving). Subsequently, 
the vehicle headed straight across the intersection or turned left. The start off speed of the vehicle was either at a 
very low acceleration (0.8 m/s²) or a high acceleration (≥ 3 m/s²) and slightly varied according to the initial position 
[13]. Fig. 1 shows an overview of the eight situations. Each situation had been designed in a way that the potential 
collision constellation intended a hit on the left front of the ego vehicle as well as on the left rear of the crossing 
vehicle, if the driver of the ego vehicle would react with sudden braking but not steering when noticing the critical 
situation. Thus, all situations would have been manageable without a collision by braking and swerving to the right 
side. Swerving to the left side should therefore result in a collision. 
 
 
Fig. 1. Overview of the eight critical situations. 
2.3. Experimental design and measurement units 
The study was performed as a 2 x 2 x 2 within-subjects design. Each participant experienced each critical 
situation once. The order of the situations was balanced via the Latin square method and randomized by means of 
the runs test. The reaction behavior was operationalized by means of objective driving data, recorded by VTD at a 
rate of 60 Hz directly by the vehicle during the drives. The start of a braking reaction was determined via exceeding 
the threshold of 7 bar. In order to determine an evasive reaction, the steering wheel speed had to exceed a threshold 
of 30 °/s. For the subjective evaluation of the situations, the participants evaluated the respective criticality via the 
disturbance evaluation scale [14] after each critical situation. The scale allows the estimation of criticality on a ten-
point-range. The value range extends from 0 (nothing noticed) up to 10 (uncontrollable). These are subsumed in 3-
point steps to constitute three categories: harmless, uncomfortable and hazardous. In addition, the participants 
evaluated how surprising the situation had been for them on a one-item 5-point Likert scale. 
2.4. Procedure 
At the outset, the participants completed a brief questionnaire to identify demographic data, subsequently they 
familiarized themselves with the vehicle, an Audi A6 Avant. In order to ensure that the participants experienced 
critical situations in a comparable manner, a constant speed of 70 km/h needed to be maintained. In order to prevent 
speed deviations, the participants had to maintain the speed by means of the Adaptive Cruise Control (ACC). 
Initially, the functionality of the ACC was explained to the participants and they were driving the test track with a 
view to the outside while using the ACC to become familiar with the system. Functionality of the VIL was 
explained subsequently and the participants were equipped with the HMD. At that time, the actual experiment 
started and the participants passed the straight track ten times in the virtual world of the country road. The turning 
maneuver at the end of the straight track was performed with a view to the outside. Duration of the experiment was 
approx. 40 minutes. 
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2.5. Sample 
40 persons aged 23 to 58 years (M = 32.2, SD = 9.0) took part in this study. The sample consisted of 16 women 
and 24 men with a driving experience of 4 to 50 years (M = 14.0, SD = 8.6). The participants drove an average of 
17 694 km (SD = 11 353 km) per year. 
2.6. Data analysis 
In order to get an overview of the vehicle positions during the situations, progressions graphs were created for 
each situation and participant, showing the positions of the vehicle in increments of 50 ms. The graphs were used to 
determine if and when a collision occurred. In order to determine the reaction times, the time of acceleration of the 
critical vehicle was defined t0. For persons who had already braked prior to the acceleration of the critical vehicle, 
the respective situation was marked as not utilizable. Due to the test execution as within-subjects design, only 
persons who provide complete data sets in all situations may be utilized for inferential statistical calculations of 
differences in the respective situations. Therefore, only those participants could be used for these evaluations who 
experienced all critical situations in the way intended. This was the case for 17 persons. 
A univariate ANOVA for repeated measurements was conducted using the critical situation as within-subject 
factor. The accepted α-level was p = .05. When a significant difference was indicated, post-hoc t-tests for paired 
samples were conducted for the pairwise situation comparison. In order to prevent an inflation of the α-error, a 
Bonferroni significance adaptation was performed leaving the accepted α-level for the post-hoc comparisons at 
p = .004. Differences between the situations concerning dichotomous variables were determined by means of the 
Cochran’s Q test for paired samples. Whenever a significant difference occurred, McNemar tests with adapted α-
level were conducted for multiple comparisons. 
3. Results 
3.1. Collisions 
A great amount of collisions occurred. The portion of the collisions in the first situation reached 70.6 %. In the 
course of the situations the collision rate decreased; however, even in the last situation it still reached 23.5 %. There 
was no significant difference over the eight situations (χ²(7) = 10.21, p = .177). Fig. 2a shows the collision rates per 
experienced situation. The collision portions per critical situation are shown in fig. 2b.  
 
 
Fig. 2. (a) Share of collisions per experienced situation (N = 17); (b) Share of collisions per critical situation (N = 17). ** p < .01. Explanation of 
vehicle symbols see Fig. 1. 
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It was indicated that the collision rate per critical situation shows significant differences over the various 
situations (χ²(7) = 62.07, p < .001). The post-hoc analysis shows significant differences between situations K1 and 
K2 (χ²(1) = 8.10, p = .002, ω = .69), K3 and K4 (χ²(1) = 9.09, p = .001, ω = .73) as well as between K5 and K6 
(χ²(1) = 10.56, p = .001, ω = .79). The difference between K7 and K8 was not significant due to the adapted α-level 
(χ²(1) = 6.75, p = .006, ω = .63). The further pair-wise comparisons show no significant results. Therefore, only 
situations show significant differentiations which have differences concerning speed. To conclude, the acceleration 
has an influence on the collision rate: in situations with high acceleration, significantly more collisions occurred. 
3.2. Subjective data 
The extent of subjectively experienced criticality differed significantly between critical situations 
(F(7, 112) = 13.91, p < .001, ηp² = .47), as is shown in fig. 3a. Situations with high acceleration were evaluated as 
being more critical. Post-hoc comparisons performed with t-tests at paired samples resulted in significant differences 
between K1 and K2 (t(16) = -4.67, p < .001, r = .76), K3 and K4 (t(16) = -6.65, p < .001, r = .86) as well as K5 and 
K6 (t(16) = -5.35, p < .001, r = .80). The comparison between K7 and K8 was not significant. Situations 
differentiating in initial position or direction of movement showed no significant differences. 
Fig. 3b shows the surprise intensity of the critical situations. There is a significant difference (F(7, 112) = 13.21, 
p < .001, ηp² = .45) in the surprise level of the test persons concerning the respective critical situation. Following t-
tests in paired samples show a significant difference between K1 and K2 (t(16) = -7.63, p < .001, r = .89), K3 and 
K4 (t(16) = -4.24, p = .001, r = .73) as well as K5 and K6 (t(16) = -5.10, p < .001, r = .79). The difference between 
K7 and K8 was not significant due to the corrected significance level (t(16) = -2.73, p = .015, r = .56). Therefore, a 
situation was considered more surprising when the critical vehicle started at a high acceleration. 
 
 
Fig. 3. (a) Experienced criticality per critical situation (N = 17); (b) Surprise intensity per critical situation (N = 17). ** p < .01. *** p < .001. 
Explanation of vehicle symbols see Fig. 1. 
3.3. Reaction pattern 
For determining the reaction pattern of the individual critical situation, it was defined by means of objective 
driving data whether the reaction was a braking and / or evasive action. Based on these individual reactions, an 
overall variable for classification of the reaction pattern was determined. Fig. 4 shows the portion of reactions per 
critical situation. It should be noted, that the number of persons whose reactions are shown per situation varies from 
situation to situation. Since no inferential statistical method of testing for significant differences is applicable due to 
the data level of this overall variable, all participants are illustrated who experienced the particular situation in the 
way intended. 
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Fig. 4. Reactions per critical situation (all applicable participants per situation). Explanation of vehicle symbols see Fig. 1. 
Analytically, in the comparison of all critical situations, mere braking appears to be the main reaction. All 
participants applied the brake, since evading is also always combined with a braking action. Situations K4 and K6 
show the lowest share of mere braking reactions. Accordingly, the share of swerving actions in these situations is 
higher. A comparison of the share in evasive reactions per critical situations calculated by means of the Cochran’s Q 
test shows that situations do not significantly differentiate (χ²(7) = 12.11, p = .097) between evasive and non-evasive 
actions. However, it is striking that the share of swerving actions to the left side in situations K4 is the highest, 
reaching 33.3 %. The percentage of K6 is 21.2 %. Whenever there was a steering action in situations K1, K3, K5 
and K8, the highest percentage was a steering action to the right side. In situation K2, swerving to the right side was 
as frequent as swerving to the left, while situation K7 showed more test persons swerving to the left. Furthermore, 
the study shows that experiencing a situation in which the right of way is taken from the right side was not always 
followed by a swerving reaction to the left side. 
4. Discussion 
The subjective estimations concerning criticality and surprise intensity show that the confrontation of the 
participants with critical situations in a realistic manner was successful. The most significant factor for the 
subjective measure is the acceleration of the critical vehicle exhibiting a high effect. Situations in which the critical 
vehicle started with high acceleration were considered to be significantly more critical and more surprising. It was 
irrelevant whether the vehicle was at a standstill or approaching the intersection, and whether it passed the 
intersection in a straight line or intended to turn left. Situation K4 was considered the most critical one. 
The share of collisions in the eight situations experienced by the participants is considerable. Over all 
participants, the first critical situation resulted in a collision in almost three quarters of the cases. In the subsequent 
situations, the percentage was not that high, but even in the very last experienced situation, a quarter of the 
participants had a collision. The percentage of the collisions per critical situation differs clearly. In the situations in 
which the critical vehicle starts with high acceleration, the collision rate is significantly higher. Effect sizes reveal a 
high effect. In situation K2, the collision rate is slightly below 60 %, while situations K4, K6 and K8 show a 
collision rate above 80 %. For situations differentiating in direction of movement (straight / turning left) or initial 
position (standstill / approaching), no significant difference could be found. Therefore, it is irrelevant for a 
prediction of a collision in which direction the vehicle intends to head and whether it starts from standstill or 
approaches an intersection. The decisive and important factor is the acceleration with which the vehicle starts off. A 
reason for this could be that this kind of situation is perceived to be more sudden with respect to the critical vehicle 
approaching the same lane faster than expected, since it will cover more distance in the same time at a higher 
acceleration than a moderately accelerating vehicle. This view is supported by the fact that situations, in which the 
vehicle starts at a high acceleration, are actually evaluated as more surprising and critical by the participants.  
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The main reaction when experiencing that one’s right of way is taken from the right side results in a braking 
action. In each critical situation, 60 % of the participants initiated only an emergency braking without any steering 
action. Therefore, the percentage of mere braking actions with the VIL is higher than in the evaluation of the AARU 
accident data [3]. Concerning swerving actions, the percentage of steering maneuvers in situations with high 
acceleration proved higher than in situations with low acceleration. It is conspicuous that unlike the accident data 
and simulator studies [3,4,9,10] would suggest, swerving is not always in the direction of danger i. e. to the left side. 
There are certainly persons who steer to the right side in critical situations. Situations were designed in a way that 
exactly by such a steering action to the right side in combination with sharp braking the collision could be avoided. 
Some of the participants recognized and executed this possibility. Only in the steering actions in situations K4 and 
K6, the percentage of swerving to the left side is higher than the percentage of swerving to the right side. The 
percentage of swerving in the direction of danger in K4 with a percentage of 33.3 % is the highest. It seems that this 
situation differentiates from the remaining situations for the evasive behavior in a decisive characteristic.  
A characteristic in which critical intersection situations may differ is the so-called Time-To-Arrival (TTA). TTA 
is applied for objective estimation of the criticality of intersection situations and describes the time up to potential 
collision with a conflict partner for a situation in cross traffic [15,16]. It is calculated by dividing the distance to the 
critical area by speed of the ego vehicle. All critical situations are designed in a way that the anticipated impact 
position in a collision was identical. Since the situations are composed of various identifications of the factors 
acceleration, initial position and direction of movement, varying TTA result for the time of acceleration of the 
critical vehicle. Fig. 5 shows means values and standard deviations of TTA in the eight critical situations. 
 
 
Fig. 5. Time-To-Arrival at time of acceleration of the critical vehicle per critical situation (N = 17). Explanation of vehicle symbols see Fig. 1. 
In situation K4 TTA is the lowest at 1.34 s. The percentage of swerving into the direction of danger is highest in 
the situation with lowest TTA. This also corresponds to the results of previous studies [9,10,11]. In situations K2, 
K3, K6 and K8 TTA lies in the area of 2 s. Both situations K1 and K5 with the vehicle starting from standstill at low 
acceleration have a TTA of just below 4 s. In both situations, the collision rate was lowest; however, the percentage 
of swerving to the right side was comparatively high. This suggests that the participants had enough time to handle 
the situation adequately. They were able to perceive that the crossing vehicle actually started and was just about to 
ignore their right of way, and subsequently took appropriate countermeasures. For this evasive action, the time 
seems to be sufficient - except for situation K4 - to interpret the situation correctly and initiate the evasive maneuver 
to the right side. This is consistent with the considerations of Kastner [7], who assumed that the drivers perform 
continuous situation analyses of their environment and react according to previous experiences. If there is enough 
time to perform a complete situation analysis and to understand that the crossing vehicle actually continues to move 
on, the driver succeeds in mitigation of the situation by steering to the right side. The work of Johansson [17,18] 
implies that movement perception is made available by only a few characteristics of the crossing object. However, 
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the shorter the available time to conduct a complete situation analysis, the more often the participants will rely on 
previous experiences. In regular road traffic, it is a rare event that right of way is ignored in such a drastic way. 
Generally, the crossing traffic will come to a standstill at the intersection to yield right of way. Therefore, the 
primary rational reaction is evading to the left side. However, if in this situation the rare event occurs that the 
crossing vehicle will not stop, it is very likely that a collision occurs due to the swerving direction. 
5. Conclusion 
In contrast to observations made in accident analyses [3,4,5,6] and tests in the simulator including vehicles at a 
standstill respectively stopping [9,10,11], this paper allows a statement concerning influencing factors for crossing 
vehicles that will not stop. There is a trend that TTA has an influence on the behavior of persons in critical 
intersection situations if their right of way is taken from the right side. With decreasing TTA, there is a tendency 
towards the phenomenon swerving into danger. This correlation will be examined in closer detail in a further study 
with systematically varied TTA. 
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